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Executive Summary

This technical input report on climate and energy-water-land (EWL) system interactions has been
prepared for the U.S. Department of Energy in support of the U.S. National Climate Assessment (NCA).
Prepared on an accelerated schedule to fit the NCA’s timeline, it provides a summary of existing
information and understanding of this broad topic.

This report provides a framework to characterize and understand the important elements of climate
and EWL system interactions. It identifies many of the important issues, discusses our understanding of
those issues, and identifies the research needs to address the priority scientific challenges and gaps in our
understanding. Much of the discussion is organized around two discrete case studies with the broad
themes of (1) extreme events and (2) regional differences. These case studies help demonstrate unique
ways in which energy-water-land interactions can occur and be influenced by climate. In addition, a
series of “illustrations” portray representative decision-making considerations relevant to climate-EWL
interfaces. Key findings from the report are summarized below, according to the report section in which
they are found.

Characterization of Climate and Energy-Water-Land System Interactions

e Population growth and economic and social development are major drivers of the demand for energy,
land, and water resources within the interdependent climate and EWL system. A major challenge will
be to manage, and optimize where possible, competing economic and environmental objectives and
priorities within resource budget constraints and impact risks of climate variability and change.

o The interdependencies of climate and the EWL system can be characterized by the three bilateral
interfaces of energy-water, energy-land, and land-water. Each bilateral interface consists of linkages
representing the supplies, end-use demands, and associated functional relationships between the two.

e Much of our current understanding of climate impacts on the complex interdependencies of the EWL
system is derived from limited observations of bilateral interface responses to climate variability. The
concept of EWL interfaces can help identify the relative degree of risks and vulnerabilities to the
effects of climate variability and change.

Energy-Water-Land Interfaces: Resource Interdependencies and Interactions with Climate

e Focusing on sector-to-sector interfaces alone does not adequately capture the complexity and
importance of the EWL system. The many bilateral interfaces form a dynamic set of interacting
processes linked through a complex network of feedbacks.

e Competition for water is the most straightforward conflict linking energy, water, and land (e.g.,
simultaneous demand for thermoelectric generation, irrigation, environmental flows).

o Extreme climate events such as drought and associated heat waves have important impacts on the
EWL interfaces. Impacts are seen as changes in cropping and grazing and accompanying wildfire
damage. These changes tend to reinforce and intensify individual impacts on land and water
resources (e.g., reduced cropping raises feed prices, which changes grazing patterns, which in turn
affects vegetation density and thus wild fire vulnerability). To a lesser extent, these changes feed
back through water and land use to impact energy demand and production.
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e U.S. regions differ in their (a) current climate, (b) projected climate change, (c) energy mix (e.g.,
solar/wind availability, coal), (d) energy supply and demand, (e) water availability/regularity and
water sources (e.g., rain vs. snow fed), and (f) the availability and quality of land. Each region will be
differentially impacted by climate change and each region will have to adapt or mitigate using
different strategies. The manner in which adaptation strategies and associated institutions evolve has
significant implications for energy-water-land dynamics.

Risk, Uncertainty, and Vulnerability Associated with Climate Impacts on Energy-Water-Land
Interfaces.

o Risk, uncertainty, and vulnerability at the EWL interfaces are minimally reported in the literature, and
where they are documented, they are usually case-specific. However, risk, uncertainty, and
vulnerability are generally found to have the following four characteristics.

— They are broader in scope.

— They can be amplified or attenuated across sectors.

— They have altered temporal and spatial dynamics.

— They manifest during extreme (low-likelihood, high-consequence) events.

These characteristics are fundamental to understanding how risk, uncertainty, and vulnerability relate
to each characteristic across sectors, and for developing solutions and strategies that may reduce their
impact or influence

e Awareness of the four characteristics of risk, uncertainty, and vulnerability can enable monitoring and
assessment mechanisms to anticipate and avoid or correct unintended consequences, and that more
effective emergency planning and response can be put in place by understanding the sources of those
consequences.

e Perhaps the biggest gains will come by increasing our understanding of human response and behavior
to climate change and decisions concerning climate change, identifying the trigger points where low-
probability events within one sector can become high-consequence events in other sectors, and in
identifying and understanding the amplification, attenuation, and feedback mechanisms that create
unintended and unanticipated consequences.

Climate Mitigation and Adaptation at the Energy-Water-Land Interfaces

e Many mitigation and adaptation options tie directly into one of the EWL sectors, and are therefore
tied into the EWL interfaces. Understanding the EWL nexus is therefore central to the effective
design, selection, implementation, and monitoring of adaptation and mitigation strategies.

¢ Almost all mitigation options lie within either the energy or land sectors. Mitigation reduces or
sequesters emissions arising from the supply and demand for energy and land (e.g., substituting
renewable technologies for fossil fuel generation; preventing deforestation). As such, mitigation
options are affected by EWL relationships.

e Adaptation options designed to reduce vulnerability to climate impacts in one EWL sector affect, and
are affected by, EWL linkages. Some adaptation measures reduce demands on EWL endowments
(e.g., water-use efficiency), while others may increase them (e.g., desalinization).
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Understanding how mitigation and adaptation strategies relate to the EWL interfaces facilitates not
only the evaluation of the net impact of individual mitigation or adaptation measures, but also the
compound effects of concurrent implementation, either intentionally or as an outcome of the
uncoordinated actions of independent parties.

Some sector-specific mitigation and adaptation measures have the potential to provide synergistic
“win-win” opportunities to enhance climate mitigation or adaptation objectives across one or more
other sectors in the nexus. Other measures may have negative impacts on mitigation or adaptation
potential in other sectors.

Research Needs Associated with Climate Impacts on Energy-Water-Land Interfaces

A major complication in understanding and responding to climate changes is that they are often
characterized by multiple interactions, feedbacks, and tradeoffs among different human activities and
environmental processes.

Simulating and understanding the interactions and feedbacks among climate and the EWL system
requires not only accurate representations of each individual sector, but also a detailed understanding
of the scale-dependent interactions among them.

Addressing the climate-EWL related questions that regional decision makers are asking will require
the development of models capable of evaluating different adaptation strategies, testing different
mitigation options, and accounting for the tradeoffs, co-benefits, and uncertainties associated with
these actions or combinations of actions—such as how technology cost, performance, and availability
will impact results.

Research needed to substantially increase our understanding of the interactions and feedbacks among
energy, water, land, and climate include the following:

— Meaningful analyses of the EWL interfaces will require a new class of models, measurements,
and observations that are consistent with global climate and socio-economic constraints, and
capable of resolving regional human decision-making and natural processes in a manner that
captures the full range of relevant interactions and feedbacks.

— New models, observing systems, or, even modifications of existing frameworks will require new
strategies for understanding and quantifying uncertainty.

— Evaluation strategies that account not only for individual model performance, but properties of
coupled systems will require robust metrics for benchmarking model performance and data
systems.

— For regions, or areas that are unable to provide the current data required (e.g., recent
transportation infrastructure, pricing policies, demography, environmental information), new
methods into parsing sparse data or extracting information from pre-existing data will be
required.

— In the context of climate, support for new research and modeling capabilities that account for
potential future environmental constraints (e.g., availability of water), economic limitations (e.g.,
existing infrastructure) and scenario development will be needed to inform decision making
processes for the deployment of future energy transitions.



— New tools that provide stakeholders with information on near-term consequences, as well as long-

term implications of options that might be considered to mitigate or adapt to climate change will
be needed.

— Accounting for natural boundaries, such as watershed, energy utility or geo-political zones will
need to be incorporated into existing gridded calculations and observations.
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CHP
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EIA
EWL
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GHG
IPCC
LEAP
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NCA
NREL
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PV
RCP
RO
R&D
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USGCRP
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WECC
WEAP
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Acronyms and Abbreviations

amplification and attenuation
concentrated animal feeding operation
coalbed methane

carbon capture and storage

combined heat and power

conterminous United States
demand-endowment-technology

U.S. Department of Energy

U.S. Energy Information Administration
energy-water-land

Electricity Reliability Council of Texas
Global Change Research Act

gross domestic product

greenhouse gas

Intergovernmental Panel on Climate Change
Long-range Energy Alternatives Planning (model)
million acre-feet

National Climate Assessment

National Renewable Energy Laboratory
Palmer Drought Severity Index
photovoltaic

Representative Concentration Pathway
reverse osmosis

research and development

Regional Economic Models Incorporated
Renewable Portfolio Standard

Social Amplification of Risk Framework
Societal Applications Research Program
U.S. Global Change Research Program
Western Climate Initiative

Western Electricity Coordinating Council
Water Evaluation and Planning (model)

wastewater treatment
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1.0 Introduction

The Global Change Research Act (GCRA) of 1990 requires the U.S. Global Change Research
Program (USGCRP) to conduct National Climate Assessments (NCAs), no less than every four years.
These assessments are meant to analyze the effects of global climate change on the natural environment,
agriculture, energy production and use, land and water resources, transportation, human health and
welfare, human social systems, and biological diversity. Further, they are meant to evaluate current
trends in global change and project major trends for the next 25-100 years. These assessments also are
intended to evaluate our progress toward reducing risk, vulnerability, and impacts, as well as the
implications of alternative adaptation and mitigation options, and provide a sustained process for
informing an integrated research program.

Previous NCAs have evaluated climate impacts by sector (i.e., water resources, energy supply and
use, transportation, agriculture, ecosystems, human health, society). The third NCA, scheduled for
completion in 2013, will address for the first time the impacts of climate in the context of “sectoral cross-
cuts” (i.e., assessment of climate impacts on the interdependencies of two or more sectors). One such
sectoral cross-cut is how energy, water, and land use compete against and constrain one another in the
context of climate change and management decisions.

As a part of the current NCA effort, member agencies of the USGCRP and external researchers are
providing technical inputs on the topics of their choosing that will be relevant to one or more of the
chapters in the 2013 NCA report. As one of the responsible agencies, and consistent with its long-term
energy and research mission, the U.S. Department of Energy (DOE) is providing technical input on the
cross-sectoral topic of climate change and energy, water, and land system interactions. This document
serves as DOE’s technical input report on this topic.

Past national assessments have examined climate impacts on the energy, water, and land sectors
individually, with limited emphasis on cross-sectoral impacts. In fact, while the research community has
become increasingly interested in interactions across these sectors, information and understanding of
combined climate impacts and cross-sectoral interdependencies remain limited. For example, Dale et al.
(2011) found no studies on the combined effects of climate on land use and energy.

Consequently, this technical input will, for the first time in the context of the NCA, focus on climate
impacts on the combined interdependencies of energy, land, and water as they apply to the overall support
of natural ecosystems, infrastructure, and human socio-economic activities. Because research in these
areas is still in the early stages, much of the information presented is preliminary, identifying potential
issues and the need for additional observation, analysis, and modeling.

1.1 Schedule

This report began with a request from DOE to develop a technical input report describing the current
state of knowledge, both empirical and using models, of the interactions among energy, water, land and
the climate system. An author team was quickly assembled, and the authors benefited from a scoping
workshop in July 2011, which produced a working outline. After a period of reviewing the literature and
identifying more detailed topical outlines, an expert workshop was held in November 2011 to provide an
opportunity for broader input from the scientific community. The author team’s subsequent drafts of
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chapters in this report have been reviewed internally by the team of 15 authors, and a mail review was
conducted in February of 2012 prior to reconciliation of comments and delivery to DOE and the NCA on
March 1, 2012. For the mail review the document was sent to 15 reviewers, and 5 sets of comments were
received.

1.2 Overview

This report highlights much of the limited information on and understanding of climate and energy-
water-land (EWL) system interactions in the context of issues, potential impacts, and long-term research
needs. The report begins with a detailed characterization of the climate-EWL nexus and associated issues
in terms of the interfaces between the three interdependent energy, water, and land resource sectors. A
conceptual model is presented that defines the EWL nexus in terms of resource supply and demand
linkages. Using this model, the report briefly describes the paired bilateral interfaces of energy-water,
energy-land, and land-water, as well as the integrated three-part system of energy-water-land interfaces.
It also includes examples of supply-demand linkages and processes for selected human and ecosystem
support applications. The report then explores how individual bilateral interfaces interact in response to
climate. Next, the report addresses risk, uncertainty, and vulnerability in the context of sector interfaces.
Mitigation and adaptation decision-making vulnerabilities, opportunities, and coordination are then
discussed in light of their EWL relationships. Finally, long-term research needs are discussed in the
context of challenges and opportunities with regard to data completeness and accuracy; requirements for
integrated modeling including energy, water, and land systems; and identified risks, vulnerabilities, and
uncertainties.

This report does not provide a detailed description of current and future impacts of climate on the
U.S., but builds on reports such as Global Climate Change Impacts in the United States, June 2009, in
which the USGCRP describes current and future impacts of climate change on various U.S. regions and
sectors. Observed trends include rising temperatures, increasing heavy rainfall, changes in the amounts
and timing of river flows, and many others. Impacts are shown to vary by U.S. region and analyzed
relative to seven specific sectors: water, energy, transportation, agriculture, ecosystems, health, and
society.

1.3 Approach

This report was developed by an author team under DOE oversight, with significant input from
participants in the July and November 2011 workshops. Data, methods, and tools varied in depth and
completeness, being derived from available source materials, primarily in the published literature. The
report content, assessment findings, and levels of confidence reflect consensus among the report authors,
considering comments from selected external reviewers.

The NCA provided broad guidance for the technical input reports, including identifying eight topics
that are priorities for the 2013 report: (1) risk-based framing; (2) confidence characterization and
communication; (3) documentation, information quality, and traceability; (4) engagement,
communications, and evaluation; (5) adaptation and mitigation; (6) international context; (7) scenarios;
and (8) sustained assessment (http://www.globalchange.gov/images/NCA/nca-priority-topics-

guidance.pdf).
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The objectives for this effort were to (1) provide a framework to characterize and understand the
important elements of climate and energy-water-land system interactions, (2) identify the important issues
and our level of understanding of those issues, and (3) present a long-term research program to address
the priority gaps in scientific understanding.

Given the challenge of comprehensively exploring the full breadth of the climate-energy-water-land
interface in a relatively short report, this report focuses on a detailed investigation of two examples,
constructed as case studies with the broad themes of (1) extreme events and (2) regional differences.
These themes were selected because they address key issues facing resource managers and policy makers,
and because they help demonstrate some unique ways in which the individual bilateral interfaces can
interact across the broader spectrum of the energy-water-land triad and respond to different climate
scenarios. In this context, specific instances of climate change and/or variability are used to illustrate
potential implications of future climate change. In addition to the case studies, several “illustrations” or
representative examples are provided to illustrate the consequences of decision-making processes on
bilateral interfaces. The illustrations describe specific examples of climate-EWL interactions and
associated decision-making issues (these are found in sections 2 and 3, set apart as blue text boxes).

1.4 Why the Energy-Water-Land Nexus?

A core goal of this report is to provide decision makers with an understanding of how the
convergence of supply and demand issues related to energy, water, and land resources in a changing
climate are central to informing planning and policy choices about climate mitigation and adaptation.
Mitigation and adaptation measures are typically aimed at one or more of the interfaces. Analyzing
mitigation and adaptation through the lens of the energy-water-land interface facilitates not only the
evaluation of the net impact of individual mitigation or adaptation measures, but also the compound
effects when they are implemented together, either intentionally, or as is more likely, as an outcome of
uncoordinated actions of independent parties. These compound effects may not always have positive
synergies, and ignoring or failing to identify potentially negative interactions, runs the risk of
undermining planning and policy goals (Moser 2012).

1.5 References

Dale VH, RA Efroymson, and KL Kline. 2011. “The land use — climate change — energy nexus.”
Landscape Ecology (26):755-773.

Moser SC. 2012. “Adaptation, mitigation, and their disharmonious discontents: an essay.” Climatic
Change 111(2):165-175, DOI: 10.1007/s10584-012-0398-4.
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2.0 Energy-Water-Land Interfaces:
Resource Interdependencies and Interactions with Climate

2.1 Introduction

211 Focus and Approach

This section focuses on the assessment of climate variability and change effects through the
interactions of climate with the supply and use of energy, land, and water (EWL). This approach
recognizes that the EWL resource sectors are dynamically linked to one another in a complex
interdependent system that supports and interacts with human socio-economic activities, infrastructure,
and ecosystems. As depicted in Figure 2.1, this system also operates within the context of climate
variability and change, making it even more complex. The terminology used to describe this
interdependent system is the climate- EWL nexus. Within this nexus, bilateral supply and demand
linkages exist across the interfaces between each resource sector pair. Each resource sector will also
influence, and be influenced by, climate variability and change, as shown in Figure 2.1.

Environment

Water-Energy

Climate
Variability and

Figure 2.1. The climate-EWL nexus.

Figure 2.2 elaborates on Figure 2.1 by illustrating some of the features and attributes within each
resource sector. It also depicts the bilateral linkages into supply-demand linked pairs between sector
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interfaces. The linked pairs are expressed as energy for water, water for energy, energy for land, land for
energy, water for land, and land for water. The color-coded legend on the right side of the figure gives
representative examples of application functions, facilities, and infrastructure for each supply-demand
interface link.

The remainder of this section further describes and characterizes the framework for assessing climate
change effects through the lens of the climate-EWL nexus, including several example illustrations. This
lens will be applied in later sections of the report using more detailed case study scenarios and the
consideration of mitigation and adaptation strategies to manage risks of climate variability and change
impacts across the EWL interfaces (IPCC 2007; CCSP 2008; Karl et al. 2009; NAS 2010a).

2.1.2 Framing Climate Assessment Through Energy-Water-Land Interactions

Human population growth accompanied by increasing levels of technological development over time
have led to greatly increased use of the Earth’s land, water, energy, mineral, and biological resources for
meeting human socio-economic needs (Dale et al. 2011). Human-induced changes globally have become
so significant over the past two centuries that they are now seen as marking a new Anthropocene epoch
(Crutzen and Stroemer 2000; Zalasiewicz et al. 2010; Ellis et al. 2010; Zalasiewicz et al. 2011). The
period from 1800 to 2000 saw global population expand from less than 1 billion to 6.5 billion, with a
projected increase to 9 billion by 2050. This has been accompanied by the development of cities and a
general demographic shift away from rural communities to major urban centers, which is a characteristic
land use change feature of the Anthropocene (Zalasiewicz et al. 2011). Similarly, the global terrestrial
biosphere went from being predominantly in a wild or semi-natural state with only very minor
agricultural and settlement use in 1700, to now having only a quarter wild and less that 20% semi-natural.
The majority land use is now in agriculture and cities (Ellis et al. 2010). This human population growth
and socio-economic advancement was enabled by the industrial and agricultural revolutions fueled by the
dramatic increase in consumption of energy, water, and other natural resources (Zalasiewicz et al. 2011).

The expansion of human socio-economic activities and associated demand on resources has caused
major changes in land use and cover, degraded soil and water quantity and quality, and reduced land
carbon sequestration capacity. It has also altered carbon flux balances, and increased atmospheric
greenhouse gas (GHG) concentrations, which are now more than a third above pre-industrial levels. Such
changes are affecting climate and inducing climate change impacts (IPCC 2007; Karl et al. 2009); adding
stress to ecosystems (MEA 2005); affecting the quantity and quality of water, land, and energy resources;
and threatening the well-being, resiliency, and security of human societies (Gordon et al. 2003; Marland
et al. 2003; Feddema et al. 2005; Lotze-Campen et al. 2005; MEA 2005; Pielke 2005; CCSP 2008; Wise
et al. 2009; Smith et al. 2010; Dale et al. 2011; DSB 2011; Ebinger et al. 2011; Ferguson et al. 2011;
NASA 2011). The convergence of these factors and their interdependencies can be effectively
represented by the climate-EWL interactions of Figure 2.1 and Figure 2.2, with human population growth
and associated socio-economic activities, resource use practices, and behaviors recognized as major
underlying drivers for the demands on energy, water, and land.
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Figure 2.2. Illustration of the climate-EWL nexus showing linkages and interactions among the three
resource sectors with climate variability and change.

2.1.3 Resource Interface Linkages and Climate Interdependencies

Energy, water, and land resources and associated support ecosystems constitute the foundation on
which all human societies rely for their existence, productive development, security, and well-being. All
three resource sectors are highly coupled to one another through supply-demand relationships that support
both human socioeconomic activities and the ecosystems on which societies rely for critical services
(Daily et al. 1997; MEA 2005; Smith et al. 2010; Dale et al. 2011). The bilateral interface linkages are
the building blocks of the EWL nexus. Assessments of interface interactions and possible impacts of
climate variability and change have been investigated to a limited extent by focusing on only one sector at
a time (Marland et al. 2003; Feddema et al. 2005; Lotze-Campen et al. 2005; Pielke 2005; Oki et al. 2006;
IPCC 2008; CCSP 2008; Brekke et al. 2009; Stone 2009; BOR 2011; Ebinger et al. 2011; FIPCCWDI
2011; Vine 2011), or by targeting one or two of the sector interfaces and linkages (Izaurralde et al. 2003;
DOE 2006; Pate et al. 2007; Atlantic Council 2011; Dale et al. 2011; Ferguson et al. 2011; GLC 2011;
McMabhon et al. 2011; Outka 2011; Wise et al. 2009; Warren 2011). A more complete assessment
requires considering all three resource sector interfaces together as an integrated system.
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The bilateral EWL interfaces can each be characterized by supply and demand linkages and mutual
influences, as shown in Figure 2.2 and Figure 2.3. The linkages can be described in terms of a resource
demand to meet a natural or man-made need, a resource supply endowment, and the related technologies
(including natural and man-made mechanisms, processes, and systems) and influences that come into play
on both the supply and the demand sides of the interface. This demand-endowment-technology (DET)
interface linkage description is discussed in more detail in Appendix A. This is introduced simply as a
notional construct that recognizes and denotes the obvious existence of complex and dynamic functional
relationships among atmospheric, geophysical, geochemical, biological, and human engineered technical
and socio-economic systems operating within the climate-EWL nexus at different temporal and spatial
scales.

The interdependencies among the energy, water, and land resource sectors and climate for a given
situation will involve a complex mix of nonlinear interactions and feedbacks of varying intensity and
timing delays (Izaurralde et al. 2003; Marland et al. 2003; Feddema et al. 2005; Oki et al. 2006;
Ferguson et al. 2011; Mahowald 2011). These will depend on the details of the interacting EWL system
configuration under consideration, the location and spatial extent of the various system elements, and the
temporal scales involved. The interactions have both natural and human-influenced features because they
are clearly part of both natural systems and socio-economic systems. They may also vary greatly by
geographic region. The characteristics of the processes, technologies, and infrastructures that may
specifically come into play under different situations for both the supply and utilization of resources may
also make a difference in the magnitude of the interactions with climate. Technologies are also expected
to change over time through technological advancements at rates that may differ from the operational
lifetimes of existing infrastructures using technologies of varying vintages. Similarly, the rates of change
of technologies and their implementation infrastructures may each differ significantly from the frequency
and duration of climate variations and the periods of climate change. This can be expected to result in
more complex and dynamically evolving interactions and impacts of climate variations and change across
the climate-EWL nexus.

An example is the energy-water-land interface situation represented by a large urban center’s
demands for water and electric power. It is assumed in this example that power will be generated by a
combination of hydroelectric and thermoelectric power plants operating within the local watershed, with
the thermoelectric generation fueled by a combination of energy minerals and biomass. Also assumed is
that biomass is purposely grown for energy production in the region where irrigation is supplied by a
combination of surface and ground water. Water for the many municipal, industrial, commercial, and
residential uses within the urban center is assumed to be provided by a water supply infrastructure
consisting of a combination of surface and ground fresh water sources coupled to treatment facilities that
feed a transport and distribution network of pipelines, pumping stations, and storage tanks. Both
hydropower and water-cooled thermoelectric power, as well as the urban demand for water, rely on water
supplies that depend on natural hydrogeological cycle processes (Oki et al. 2006) that include
precipitation and watershed capture and transfer via surface and subsurface flows (including snowpack
storage and timed release). Soil moisture and evapotranspiration also play a role (Oki et al. 2006; Bales
et al. 2011), particularly for production of the biomass feedstock. The man-made technologies, processes,
and infrastructures involved will include a combination of (with high-level interface linkages indicated in
parentheses):

e dams and reservoirs (land use for both water and energy)

o water turbine and generator facilities (water use for energy)
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o surface and ground water control and transport infrastructure (land use for water; energy use for
water)

e irrigation infrastructure for biomass production (land use for water & energy; water use for energy;
energy use for water

o biomass production, harvesting, processing, transport, and storage infrastructure (land use for energy;
water use for land; water use for energy)

o thermal power plant generation and cooling technologies and facilities (land use for energy; water use
for energy)

e power plant energy mineral fuel (coal, natural gas, nuclear) extraction, processing, transport, and
storage infrastructure (land use for energy; energy use for energy; water use for energy)

o clectric power transmission and distribution infrastructure (land use for energy)

o urban center water supply production, treatment, and distribution infrastructure (land use for water;
energy use for water)

e urban center end-use technologies, infrastructures, and practices that govern the demand and
efficiencies of electric power and water use (land use for water & energy; energy use for water; water
use for energy)

Potential climate impacts on the supply-demand interface linkages for the above example include the
following:

e Changes in the quantity and timing of hydrographic cycle flows result in changes in reservoir storage
capacity and in hydropower generation. Such changes can also impact downstream uses, including
water availability for biomass irrigation, for thermoelectric power plant cooling, and for other urban
center uses;

o Shifts in heating and cooling degree-days can alter timing for peak power demands and affect loads
on the grid and transmission systems. Higher air temperatures, and water temperatures for cooling
intakes, also mean less efficient electricity generation and transmission. This can be problematic
during heat waves when air conditioning loads are high. Periods of prolonged drought and/or high
daily temperatures can impact biomass production by degrading growth and yields and/or requiring
irrigation that increases water demand;

e Competing water demands in arid or over-allocated water systems under climate stress (drought
and/or heat wave) translate into less water available for thermoelectric power generation ( resulting in
potential reductions in power output or loss of power), and/or less water for urban center supplies
(resulting in higher water costs, use limitations, increased pumping and stress on ground water
supplies), and/or less water for irrigation of biomass (resulting in less biomass for energy production
or more use of pumped groundwater that puts more demands on power and more stress on ground
water supplies);

e Extreme climatic events (floods, storms, etc.) can damage installed infrastructure for both energy and
water systems, affecting their operations and resulting in delays and capital expenditures for repairs
and restoration of service.

Appendix B provides a high-level inventory matrix showing examples of bilateral interface linkages
for energy-water, energy-land, and water-land arranged by columns that are associated with a list of
selected applications arranged by row. The column headings also include the notional linkage functions
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shown in Figure 2.3 and in Table A.1. As the details of the interface linkage functions and their
interactions between sectors and with climate are better understood and can be expressed or modeled
quantitatively with greater spatial and temporal resolution and precision, the more informative the
analysis and assessment can potentially be. To the extent this can be accomplished, it may provide
greater insight and help reduce uncertainty for decision support. Even in the absence of more accurate
quantitative modeling and forecasting, methodologies of risk assessment and risk-based mitigation and
adaptation strategy development can be applied (NAS 2010; Ebinger et al. 2011). However, the critical
importance of using more integrated assessment approaches that take into consideration cross-sector and
multi-regional interactions is becoming more recognized and beginning to be applied (GLC 2011; Dale et
al. 2011; Dale et al. in-press; Warren 2011).
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2.2 Integrated Framework and Approach to EWL Interdependencies

2.21 Issues and Trends in the U.S.at the Climate-EWL Nexus

There are a number of emerging U.S. trends that are relevant to the climate-EWL nexus. A sampling
of such trends is provided in the list below.

Energy (AEO 2012):
e Domestic energy use has declined with the recent economic downturn
— Projected slower growth rate over the next 25 years than previously projected (AEO 2012)

— Combination of increased energy efficiency and the expectation of an extended period required
for economic recovery

— Overall energy consumption per capita is projected to decline
e Prices for crude oil in 2011 stayed in range $85 - $110... up to $145 (in 2010 §) in 2035
o Significant uncertainty surrounding future world oil prices
e Diesel prices higher than gasoline and expected to maintain that...stronger global demand for diesel
e Natural gas prices stay below $5/MCF until after 2023
e Coal prices projected to increase 1.4% per year (from $ 1.76 per MMBTU in 2010)
e Electricity prices decline, reflecting low natural gas prices, but higher than 2011 due to rising coal $$

¢ Biofuel consumption has been growing and is expected to continue growth ...but projection not
realistic because of E10 barrier for EtOH

e Consumption of liquid fuels continues modest growth
e Natural gas consumption continues growth

e Coal consumption increases 0.3% per year

e Renewable fuels consumption grow 2.8% per year

e Energy use per capita declines at annual average rate of 0.5%..total population grows 25% by 2035,
but total energy consumption grows 10% in same period

e Slow growth in electricity demand + low/competitive natural gas prices = declining coal demand

Water (Kenny et al. 2009):

e Total U.S. water use in 2005 was 410,000 million gal per day ... 85% fresh (349,000 million gal per
day)

e Fresh water withdrawals for thermoelectric-power generation and irrigation, the two largest uses of
water, have stabilized or decreased since 1980.
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Withdrawals for public-supply and domestic uses have increased steadily since estimates began.
Withdrawals for irrigation in 2005 were 128 Bgal/d, about 8 percent less than in 2000 and
approximately equal to estimates of irrigation water use in 1970.

Thermoelectric-power withdrawals accounted for 49 percent of total water use, 41 percent of total
freshwater withdrawals, and 53 percent of fresh surface-water withdrawals for all categories.

In 2005, irrigation withdrawals accounted for 37 percent of all freshwater withdrawals and 62 percent
of all freshwater withdrawals excluding thermoelectric withdrawals.

Irrigation withdrawals represented 31 percent of all water withdrawals, and 37 percent of all
freshwater withdrawals

Irrigated acreage increased from 25 million acres in 1950 to 58 million acres in 1980, then remained
fairly constant before increasing in 2000 and 2005 to more than 60 million acres.

The number of acres irrigated using sprinkler and micro-irrigation systems has continued to increase
and in 2005 accounted for 56 percent of the total irrigated acreage. Withdrawals for irrigation of
crops and other lands totaled 128,000 Mgal/d and were the second-largest category of water use.

The Renewable Fuels Standard (NAS 2011b), established by federal energy legislation (EISA 2007),
has influenced the demand for biofuels. Other renewable energy sources such as wind and solar also
of interest and seeing growth.

Application of biofuels and other renewable energy technologies can likewise influence water and
land use (NAS 2007; Groom et al. 2008; Kocoloski et al. 2009; Scott et al. 2010; Tyner et al. 2010;
Carter 2011, Kobos et al. 2011; Scott et al. 2011).

Biofuels and biopower are expected to displace fossil fuel use and reduce carbon emissions.
However, energy, land, and water are needed to grow the biomass for these energy sources, and
success depends heavily on climate, weather, and geographic location.

Increasing competition for fresh water is driving the use of “new” water through treating and using
non-fresh water sources (DOE 2006), which increases energy demand but also makes good use of
underused or marginal water and land resources.

Climate Change (DSB 2011; Karl et al. 2009):

Trends seen with climate based on observations over multiple decades

Increasing land and sea surface temperatures

Changing ocean temperature

Changing ocean chemistry (acidity and salinity, with impacts on ecosystems and circulation)
Declining mass of Greenland and Antarctic ice sheets

Declining glaciers and snow cover

Decreasing and thinning Arctic sea ice

More frequent and longer droughts

Increased frequency of heavy precipitation events, flooding, and landslides
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¢ Increased cyclone intensity

e Rising sea level

U.S. Population (2010): 308,746,000:

e Population growth and its associated socio-economic development and resource use practices

continue to be major factors driving demand for energy, water, and land use change (Ellis et al. 2010;

Smith et al. 2010; Zalasiewicz et al. 2010; Dale et al. 2011; Zalasiewicz et al. 2011)

e Each resource sector within the climate-EWL nexus will have sustainable supply limitations, but are
being increasingly competed for by multiple users.

o FEach resource will be subject to the supply and demand dynamics and constraints that link across

sectors (Berndes 2002; Lotze-Campen et al. 2005; Reilly et al. 2007; Reilly et al. 2008; Rosegrant et

al. 2009; Scott et al. 2009; Stillwell et al. 2009; Vine 2009; Scott et al. 2010; Smith et al. 2010;
Cooley 2011; Dale et al. 2011)

o Allocating limited resources among competing uses requires making tradeoff decisions with
implications for climate variability and change

e Managing competing economic, social, and environmental goals and priorities within budget
constraints, while evaluating risks and strategies for mitigation or adaptation to possible impacts of
climate variability and change, presents a major challenge for decision makers (Berndes 2002;

Falkenmark 2003; Falkenmark et al. 2005; Lotze-Campen et al. 2005; Brekke et al. 2009; Smith et al.

2010; Cooley et al. 2011; Dale et al. 2011; Vine 2011)

2.2.2 Bilateral Interfaces in the Context of Climate

2.2.21 Effects of Energy on Water Use

There are a wide range of energy demands for water resources including water for: operating and
cooling thermoelectric power plants; geothermal and concentrating solar power (CSP) plants; dam and

reservoir storage for hydropower generation; fracking fluid for shale gas production and drilling fluid for

oil and gas wells; mining and processing coal and uranium; extracting and processing oil shale and tar
sands; and for growing and processing biomass (Cooley et al. 2011; McMahon et al. 2011).

Implementation of carbon capture and storage (CCS) on power plants to capture CO, from flue gas would
require additional water and power (Kobos et al. 2011; Williams et al. 2011). Some of these demands are

described in detail below.

The majority of thermoelectric power generation (fueled by coal, natural gas, biomass, or uranium)
uses water for steam turbine operation that requires boiler water and cooling water. This technology
generated over 80 percent of U.S. electricity in 2009. Water for thermal power plant is withdrawn from

both fresh and brackish or saline water sources. Thermoelectric power generation uses the largest fraction

(estimated at 201 billion gallons per day [BGD], or 41 percent) of all fresh water withdrawals in the

U.S.in 2005 (Kenny et al.2009). Nearly all (99 percent) of the water withdrawals for U.S. thermoelectric

power are from surface sources, and of these, 28 percent were saline water withdrawals (Kenney et al.

2009). A more recent assessment for 2008 estimated thermoelectric power plant freshwater withdrawals
of between 60 to 170 BGD, with a consumption of 2.8 to 5.9 BGD, which is 4.7 to 5.9 percent (Averyt et
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al. 2011). The type of power plant and its cooling system, and the geographic location of the plant and
source of water, will determine the water use intensity and the impact on water supplies. Power plants in
the Southwest with relatively scarce surface water often withdraw from ground water aquifers that may
already suffer from overdraft. Western power plants also use more recirculating closed cycle cooling than
Eastern plants with once-through cooling. Water withdrawals per unit of power produced are far lower
with closed cycle, but water consumption is higher (Averyt et al. 2011; Macknick et al. 2011). A nuclear
plant with once-through cooling has a median withdrawal of 44,000 gallons per MWh and median
consumption of about 270 gal per MWh. With closed cycle cooling the median withdrawal is 1,100 gal
per MWh and the consumption is about 670 gal per MWh (Macknick et al. 2011). Dry cooling can
reduce cooling water demand to zero, while hybrid cooling water demand falls between dry and closed
cycle (McMahon et al. 2011). Using coal as a fuel demands additional water (5 to 70 gal per MWh) for
mining and washing to remove impurities, and scrubbers to remove sulfur dioxide from the emissions.
Similarly, uranium needs additional water (45 to 150 gal per MWh) for fuel processing (McMahon et al.
2011). In the case of once-through cooling, water at elevated temperature may end up be returned to the
environment and impact the downstream ecosystem.

Conventional hydropower production is based on the use of a dam on a river that creates a storage
reservoir, redirects river flow, and provides power generation, flood control, recreation, and general
surface water management. The U.S. has over 79,000 dams of all sizes, and the world has about 50,000
dams that are considered to be large with a height of 15 meters or higher (McMahon et al. 2011).
Hydropower causes little or no air pollution, but can negatively affect aquatic habitats and ecosystems. It
is currently the largest source of renewable energy in the world, has increased by 50% since 1990, and in
2008 generated about 16.3 percent of global electricity production. In 2009 the U.S. generated 8.6
percent (282 TWh) of total annual domestic production. Hydropower is subject to climate effects that
reduce the quantity and timing of precipitation, snow pack, and water flows. Reservoirs also lose water to
evaporation and are subject to silt build-up from upstream erosion, which can impact their operation and
life (McMahon et al. 2011). Average evaporative water loss for hydropower is 4,500 gal per MWh
(McMahon et al. 2011). Evaporation will increase with higher temperatures and lower humidity, and
erosion and silting will increase with more severe rain events and the loss of watershed tree cover that
accompanies forest fires and/or dead trees from insect damage that is promoted by drier, hotter
temperatures.

Biomass as feedstock for either biopower or biofuels requires water to grow and process the biomass
into fuel. With ample precipitation, biomass may not need irrigation. However, lack of adequate soil
moisture during the growth process can reduce the biomass yield, and supplemental irrigation may be
needed in dry periods to assure reliable biomass growth and harvest. Excessive water and fertilizer
application can also result in nutrient-rich water runoff that can contaminate adjacent surface or ground
water bodies, which can adversely impact the health and services of local ecosystems. Hydrologic/land-
energy feedback with climate can exist and will depend on local conditions, whether irrigation is used,
and whether the water source is surface or subsurface (Ferguson et al. 2011). Using biomass from forest
thinning can help watersheds by reducing fuel for wildfires and improving water capture and ground
water recharge in forested regions. The use of agricultural crop wastes and perennial lignocellulosic'
energy crops grown in regions with adequate precipitation can reduce the water-use intensity and water
quality impacts of biofuels.

! Lignocellulous is the primary structural component of all plants and is a renewable non-food material.
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Extremes in temperature can also adversely impact biomass growth. Prolonged drought coupled with
prolonged high temperatures during the summer can damage the crop. Such conditions can also reduce
surface water supplies and drive up demand for power for air conditioning and for pumping ground water,
which puts greater load demand on power plants and drives greater demand for water. Extreme weather
events can damage or destroy the crop and associated infrastructure.

Carbon capture and storage (CCS) demands water to strip CO, from flue gas and power to process
concentrated liquefied CO, (Williams et al. 2011). A recent analysis estimated the parasitic power loss at
a coal-fired power plant for CCS operation to be 20 percent of power plant capacity, with an increase in
water demand of 43 percent (Kobos et al. 2011). These added burdens with CCS offsets some of the
benefit. Although a low carbon emitting technology, CSP generation can also have high water use in the
range of 750 — 920 gal per MWh. Geothermal can also be high in water use, depending on the
technologies used, with median water use intensity ranging from 0 to about 4,780 gal per MWh
(Macknick et al. 2011;McMahon et al. 2011).

Wind and solar photovoltaics (PV) renewable energy systems are low carbon emitting and also low
water use. The power generated is intermittent and is subject to variations in local wind and solar
resource conditions. Solar also only operates during daylight hours. The intermittency presents a
challenge to electric utilities who must compensate by having adequate conventional back-up generation
capacity to cover times of low wind and solar resource and peaks in electricity demand. Although
expanded use of wind and solar can theoretically reduce demand for water for power production, until
improved technology is developed, the amount of intermittent renewable energy generation capacity that
can be added to the utility grid system will be limited by stability issues and back-up power requirements.
Climate variations and change can impact these systems in several ways. Extreme weather events, such
as high winds and floods, can damage infrastructure. Temperature extremes can

Using treated water from municipal wastewater treatment (WWT) facilities as cooling and processing
water for energy and power production or irrigation water for energy crops can productively re-use the
water and make dual use of the energy already expended to operate the WWT facility. Similarly,
developing and implementing cooling and other industrial water use technologies that would enable the
use non-treated brackish or saline water can avoid the demand for additional energy for water treatment.

Mining and well drilling for energy and fertilizer mineral extraction demands water, as does, the
downstream processing or refining of these materials into fuels. These processes can also contaminate
water, which leads to additional energy demands and costs to treat the water for proper disposal or re-use.
Water is a significant byproduct associated with petroleum, natural gas, and coal bed methane exploration
and production. This “produced water,” may contain a variety of contaminants. If produced water is not
appropriately managed or treated, these contaminants may present a human health and environment